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successive sonication in 5%v/v triethylamine in ethanol. 77 

Figure 2.12  (a) F/In XPS ratios after ITO immersion in PFBPA 10 mM ethanol 

solutions at 75 °C. (b) Fit to Langmuirian kinetics behavior for 

(F/In)/0.36 for O2 plasma, 10 mM PFPBA / 75 °C batch. 78 

Figure 2.13 Typical AFM micrographs: (a) 75 °C 10 mM treatment for 4 days, (b) 

18 h in 100 mM at r.t. and (c) 15 s in 10 mM r.t. 79 

Figure 2.14 Tracking work function and valence band maximum by UPS: on the 

left, the electronic structure of ITO, with its corresponding energy 

levels onsets (VBM = valence band maximum, CBM = conduction 

band minimum) and their bending in the depletion layer near the 

surface. The work function (ū) and UV radiation energy (hɜ) are also 

marked. No electrons deeper in energy from the vacuum level (EVL) 

than hɜ will be released from the material; those slightly above will be 

detected with the minimum kinetic energy, and along with scattered 

electrons that have lost energy on the way to vacuum will make up the 

secondary electron edge (SEE, abrupt end at high binding energy of the 

UP spectrum to the right). 81 

Figure 2.15 Results from treatment with PFBPA 10 mM at r.t. Left: C 1s XP 

spectrum after 7 day treatment, showing fits for different carbon 

species. Right: F/In and F/C XPS ratio variation with immersion time 

(of replicate samples). Dashed line shows expected F/In for close-

packed monolayer and ideal F/C ratio. 83 

Figure 2.16 Room temperature, 10 mM PFBPA modification. Work function 

(WF, left axis) and valence band maximum (VBM, right axis) as a 

function of immersion time. The values for bare ITO are on the 

leftmost side of the graph. 84 

Figure 2.17 Spillover of the electron cloud at the surface and pillow effect from 

adsorbates. 84 

Figure 2.18 Tracking the surface dipole as the PFBPA coverage increases. 85 

Figure 2.19 Energy level diagrams (constructed from UPS data) and schematic 

representation of the changes on the surface according to XPS for DSC 

ITO treated with PFBPA 10 mM at room temperature. Significant 

changes in surface dipole or valence band maximum relative to starting 
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DSC ITO are represented by the small red arrows at the vacuum level. 

Band gap assumed as 3.6 eV and maintained constant throughout. Blue 

circles represent adventitious carbon and red circles phosphonic acid. 86 

Figure 2.20 (Left) Comparison of electronic structure for detergent/solvent 

cleaned ITO and after plasma treatment. Blue circles represent 

adventitious carbon. All energies in eV. Right: IRRAS spectrum of air 

plasma treated ITO using DSC ITO as background. 87 

Figure 2.21 Room temperature, 10 mM PFBPA modification. F/In and F/C ratio 

variation with immersion time (of replicate samples). Dashed line 

shows expected F/In for close-packed monolayer and ideal F/C ratio. 88 

Figure 2.22 Room temperature, 10 mM PFBPA modification with air plasma 

pretreatment. Work function (WF, left axis) and valence band 

maximum (VBM, right axis) as a function of immersion time. The 

values for bare ITO are on the leftmost side of the plot. 89 

Figure 2.23 Energy level diagrams constructed from UPS data for plasma treated 

ITO, and different immersion times in 10 mM PFBPA solution at room 

temperature. Significant changes in surface dipole or valence band 

maximum relative to starting DSC ITO are represented by the small red 

arrows at the vacuum level. Band gap assumed as 3.6 eV and 

maintained constant throughout. Blue circles represent adventitious 

carbon and red circles phosphonic acid. 90 

Figure 2.24 F/In and work function variation with time for modifications at room 

temperature for DSC ITO and plasma-cleaned ITO. 91 

Figure 2.25 a) Transmission IR of PFBPA and BPA powders. b) IRRAS 

comparison of the phosphonic acid fingerprint region for room 

temperature treated samples. 92 

Figure 2.26 Left: F/In and F/C for modifications of DSC-only ITO at 75 °C. 

Right: Fit to first order rate law on available sites. 93 

Figure 2.27 Summary of XPS and UPS results for DSC-only ITO modified with 

PFBPA 10 mM @ 75 °C. Significant changes in surface dipole or 

valence band maximum relative to starting DSC ITO are represented by 

the small red arrows at the vacuum level. Band gap assumed as 3.6 eV 

and maintained constant throughout. Blue circles represent adventitious 

carbon and red circles phosphonic acid. 94 

Figure 2.28 Surface dipole dependence on phosphonic acid coverage. A fit is 

shown for data in the range of the room temperature data from 

subsection 2.2.2.1. 95 
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Figure 2.29 Comparison of F/In and work function for set of DSC-only samples 

modified at 75 °C and room temperature (22 °C). 95 

Figure 2.30 Left: F/In and F/C ratios for 75 °C immersion after plasma 

pretreatment. Right: fit of coverage to Langmuirian model. 96 

Figure 2.31 Left: work function (WF) and valence band maximum (VBM) 

progression immersion time for 75 °C treatment with plasma activation. 

Right: comparison of ionization potential for sets prepared with plasma 

pretreatment. 97 

Figure 2.32 Summary of XPS and UPS results for plasma-cleaned ITO modified 

with PFBPA 10 mM @ 75 °C. Significant changes in surface dipole or 

valence band maximum relative to starting DSC ITO are represented by 

the small red arrows at the vacuum level. Band gap assumed as 3.6 eV 

and maintained constant throughout. Blue circles represent adventitious 

carbon and red circles phosphonic acid. 97 

Figure 2.33 Comparison of IRRAS spectra for ITO modified with PFBPA for 1 

day at 75 °C 98 

Figure 2.34 Coverage, monolayer quality and ionization potential of the 

phosphonate-modified ITOs for all treatments studied in Section 2.2.2. 99 

Figure 2.35 Energy level diagrams for solvent cleaned ITO and its modifications. 

All energies in eV. 100 

Figure 2.36 Molecular structures of PCDTBT and PC71BM. 101 

Figure 2.37 Scheme for excitonic solar cell operation, showing the organic 

heterojunction energy level diagram under illumination. IPD and EAA 

are the ionization potential of the donor and electron affinity of the 

acceptor respectively. An exciton (with an exciton binding energy 

EBE) is formed after absorption of photons with energy larger than the 

optical band gap (shown here at the donor layer), which may diffuse 

and reach the heterojunction, where it will dissociate transferring an 

electron into the acceptor. The charges can then be collected at 

appropriate electrodes. 102 

Figure 2.38 Energy level alignment in an OPV before and after illumination, with 

quasi-Fermi levels shown for the photo-generated electrons and holes 

shown. The maximum VOC can be limited if the separation of quasi-

Fermi levels is too small. 103 

Figure 2.39 Dependency of the open circuit voltage in PCDTBT/PC71BM solar 

cells with the work function of the anode. 104 
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Figure 2.40 (a) Energy levels of a typical P3HT/PCBM OPV with NiOx hole-

transport layer between the active layer and ITO. Notice 1) wide band 

gap for transparency 2) small electron affinity to block electrons and 3) 

Fermi-level lineup with HOMO from donor for hole collection. (b) 

Transmission comparison for solution processed NiOx and 

PEDOT:PSS. (a) adapted and (b) reproduced from Steirer, et al.
38

 105 

Figure 2.41 Left: Comparison of P3HT:PCBM device behavior with NiOx and 

PEDOT:PSS as HTL. Right: Work function adjustment of NiOx/ITO 

electrode with O2 plasma treatment time, and its decay under N2 

atmosphere. Modified from Steirer, et al.
38

 106 

Figure 2.42 s-NiOx modification with PFBPA and oF2BPA for XPS studies. 106 

Figure 2.43 Left: XPS results for NiOx on ITO modified with PFBPA and 

OF2BPA without plasma pretreatment. Right: C/metals ratios 

comparing plasma vs. no plasma bare and PFBPA treated samples. 107 

Figure 2.44 Modification of NiOx with dipolar PAs for XPS/UPS/AFM studies. 108 

Figure 2.45 XPS ratios obtained for NiOx on ITO and ITO itself for comparison. 

Black lines state expected stoichiometric value. 109 

Figure 2.46 AFM topography images for PFBPA modified NiOx/ITO (left) and 

bare NiOx/ITO (right). 109 

Figure 2.47 Energy level diagram from UP spectra for each modification of thin 

NiOx films on ITO. All values are in eV, and had standard deviations 

within 0.1 eV. 110 

Figure 2.48 Schematic of the surface modification process through dip and spray 

coating methods. Reproduced from Bulusu, et al.
42

 111 

Figure 2.49 XPS-determined  F/In as a function of substrate temperature in the 

case of spray coating and solution temperature in the case of dip 

coating for (a) ITO substrates and (b) IZO substrates. Data acquired by 

Dr. Anu Bulusu. 112 

Figure 2.50 Atomic force micrographs for 1 h 75°C dip-coated IZO (left) and 1 

min 75°C spray coated / 2 min heated IZO (right). 113 

Figure 2.51 Organic solar cell current density response to applied bias, averaged 

for 5 device measurements under solar simulated illumination (a) and 

in the dark (b), for devices with PEDOT-modified ITO (red), PFBPA 

dip-coated ITO (green), and PFBPA spray-coated ITO (blue). Data 

acquired by Dr. Brad McLeod and Ajaya Sigdel (NREL). 113 
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Figure 2.52 Work function of ITO modified with PFBPA using various spray 

pressures, plotted as a function of XPS F/In. Data acquired by Dr. A. 

Bulusu. 115 

Figure 3.1 Left: comparison of IR spectra in the phosphonate stretch region: (a) 

Transmission IR of ODPA, (b) transmission IR of monobasic 

potassium salt of ODPA (K
+
PA

-
), and (c) PM-IRRAS of ODPA 

attached to ITO. Right: Comparison of XPS core level spectra before 

and after modification with ODPA and FHOPA. Reproduced from 

Schulmeyer, et al.
6
 123 

Figure 3.2 Proposed reactions of ODPA with BTO based on the characterization 

results for BTO thin films. 123 

Figure 3.3 Thermogravimetric analysis and C-H stretch comparison for the result 

of the modification attempts. Only OPA shows weight loss consistent 

with a monolayer, and is the only modifier that gave significant 

absorption in IR. Reproduced from Kim, et al.
7
 124 

Figure 3.4 Suspension of PA-modified and unmodified BTO in host polymer 

solutions: (a) BTO in polycarbonate/pyridine, (b) PEGPA-BTO in 

polycarbonate/pyridine, (c) BTO in Viton / N,N-dimethylformamide, 

and (d) PFBPA-BTO in Viton / N,N-dimethylformamide. Reproduced 

from Kim, et al.
7
 125 

Figure 3.5. (a) Microscopic origins of polarization and (b) dielectric response with 

frequence. (a) Adapted from MDITR Wiki
10

 and (b) reproduced from 

Mauritz.
11

 126 

Figure 3.6 SEM images of freeze-fractured cross sections of PFBPA-BTO:Viton 

composite films with increasing BTO volume fractions. Scale bars are 

1 micron. Reproduced from Kim, et al.
8
 129 

Figure 3.7. Breakdown field, calculated maximum energy density and measure 

energy density (by charge-discharge method) as a function of volume 

fraction of BTO.  Reproduced from Kim, et al.
8
 130 

Figure 3.8 A typical ATRP using an isobutyrate as initiator I and a copper (I) 

catalyst Cu
I
 with Me6TREN as chelating ligand. Atom transfer radical 

addition generates the propagating radical ╟Ͻ and deactivator Cu
II
-X. 132 

Figure 3.9 A typical ARGET ATRP using an isobutyrate as initiator I and a 

copper (I) catalyst Cu
I
 with Me6TREN as chelating ligand. Cu

II
-X is 

reduced to Cu
I
 with the added reducing agent tin (II) ethylhexanoate 

(Sn
II
) to start the equilibrium. Atom transfer radical addition generates 

the propagating radical ╟Ͻ and again the deactivator Cu
II
-X. Any 

termination reaction is compensated by the reducing agent to keep the 

Cu complex active. 134 
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Figure 3.10 Synthesis of ATRP-initiating phosphonic acid 1 ((11-((2-bromo-2-

methylpropanoyl)oxy)undecyl) phosphonic acid). 1A is 11-

bromoundecyl 2-bromo-2-methylpropanoate and 1B is 11-

(diethoxyphosphoryl) undecyl 2-bromo-2-methylpropanoate. 135 

Figure 3.11 ATRP polymerization from phosphonate 1B to synthesize polystyrene 

1B-PS. N,N,Nô,Nôô,Nôô-pentamethyldiethylenetriamine (PMDETA) was 

used as ligand for the copper complexes. 136 

Figure 3.11. ARGET ATRP from phosphonate 1B. 137 

Figure 3.13 Typical 
1
H NMR of a partially polymerized reaction mixture, 

emphasizing the styrene vinylic protons and the internal standard (and 

solvent) anisole. 137 

Figure 3.14 Surface modification of BaTiO3 nanoparticles with 1. SEMs of 

starting particles (left) and modified particles (right). Scale bar is 100 

nm. 139 

Figure 3.15 Comparison of IR spectra of the bare BTO (red), 1-modified BTO 

(green) and phosphonic acid 1 (blue) in KBr pellet. 139 

Figure 3.16 ARGET ATRP applied to surface-initiated polymerization of styrene. 141 

Figure 3.17 TGA characterization of bare BTO, BTO modified with phosphonic 

acid 1, and composite BTO-I-PS (SPB-I-237) made via surface 

initiated ARGET ATRP of styrene. 141 

Figure 3.18 TEM images of composites from composite BTO-1-PS SPB-I-237. 

Images acquired by A. Nantalaksakul. 144 

Figure 3.19 Possible termination modes in ATRP-type polymerizations from NPs. 

Reproduced from von Werne and Patten.
1
 145 

Figure 3.20 Mixed-monolayer through simultaneous reaction with 

alkylphosphonic acids and ATRP PA. 145 

Figure 3.21 Polymerization attempt using the shown mixed monolayers. 147 

Figure 3.22 Conventional ATRP applied for surface-initiated polymerization of 

styrene. 148 

Figure 3.23 Left: TGA comparison for the modified BaTiO3 BTO-1 and 

composites II-27 / II-32 from Table 3.4 made through conventional 

surface initiated-ATRP. Right: Derivative TGA (normalized traces of 

residual mass difference over time), offset for clarity. 149 

Figure 3.24 ARGET ATRP applied to surface initiated polymerization of styrene. 150 
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Figure 3.25 TGA comparison of BaTiO3 / polystyrene composites made via 

ATRP and ARGET ATRP surface initiated polymerization. 151 

Figure 3.26 TEM micrograph of composite II-48 (29% v/v BTO). Image acquired 

by Dun-Yen Kang. 152 

Figure 3.27. Control polymerization using ODPA modified BTO 153 

Figure 3.28 TGA comparison of particles before and after the control 

polymerization attempt with inert PA. 153 

Figure 3.29 Control experiment B using ATRP PA modified BTO but no catalyst 

or reducing agent 154 

Figure 3.30 IR comparison of control B (without catalyst/reducing agent) with the 

starting material BTO-1 and a composite made through ARGET ATRP 

using the same reaction time but with catalyst and reducing agent (entry 

3 in Table 3.6) 154 

Figure 3.31 Attempts at ñgrafting toò BaTiO3. 155 

Figure 3.32  Grafting phosphonic acid-terminated PS to BaTiO3 starting from 

phosphonate-terminated PS. 157 

Figure 3.33Grafting to TiO2 using phosphonate terminated polystyrene. 

Reproduced from Maliakal et al.
19

 158 

Figure 3.34 Synthesis of the azide-functionalized titanium dioxide and grafting of 

the alkyne terminated polystyrene. Inset: picture of a 2 mm thick 

assembly of the hybrid material 6. Green color evidences high 

concentration of copper. From Tchoul et al.
30

 159 

Figure 3.36 Modification of BaTiO3 nanoparticles with block copolymer shell via 

grafting from and post-grafting treatment with base. Reproduced from 

Jung, et al.
32

 160 

Figure 3.36 Schematic of ATRP from the surface of BaTiO3 to produce PMMA 

shells using a silane initiator. Inset shows TEM of composite with 15 

nm shell of PMMA (29% m/m PMMA). Reproduced from Xie and 

coworkers.
33

 161 

Figure 3.37 Left: SEM of film made with 29% m/m PMMA composite. Right: 

Dielectric constant as function of frequency for several composites. 

Reproduced from Xie, et al.
33

 161 

Figure 3.38 Device results from diluted BTO-1-PS composites: (a) dielectric 

constant as a function of volume fraction of BTO in the mixed 

composite. Calculated permittivities from modified Kerner model are 
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shown. (b) Dielectric constant as a function of frequency applied. (c) 

Loss tangent over broad frequency range for all composites. (d) Loss 

tangent for higher loading composites. (e) Frequency of breakdown 

under 50 V and film thickness for the different loadings. (f) Breakdown 

strengths for the different BTO loadings. Data and graphs from 

Yunsang Kim. 164 

Figure 3.39 Dielectric spectroscopy results from PFBPA-modified BTO mixed 

with Viton. Reproduced from Kim, et al.
4
 165 

Figure 3.40 One component PS-g-BT devices characterization summary. Data and 

graphs from Yunsang Kim. 167 

Figure 3.41 Representative SEM cross sections for BTO/PS composite films at 50 

kX. Red bar is 300 nm. Images by Yunsang Kim. 168 

Figure 3.42 Synthesis of free and composite PMMA using ARGET ATRP with 

solution initiator I and PA modified BTO. 169 

Figure 3.43 Degrafting of PMMA composite to analyze polymer by GPC and 

results. 170 

Figure 3.44 Summary of device characterization for PMMA-g-BT composites and 

pure PMMA. Data and graphs from Yunsang Kim. 171 

Figure 3.45 Cross section SEMs for 22% v/v BTO-1-PMMA composite (left) and 

20% v/v BTO-1-PS composite (right). Scale bar is 300 nm. Images 

from Yunsang Kim. 171 

Figure 3.46. Physical mixture of ATRP-initiating phosphonic acid with 

commercial PMMA for device fabrication. 173 

Figure 4.1 Possible couplings for P3HT. 182 

Figure 4.2 Regiocontrolled polymerization of thiophene via Mc Cullough and 

Rieke methods. 182 

Figure 4.3 Catalytic cycle involved in KCTP and GRIM. 183 

Figure 4.4 Polymerization of other monomer units using Grignard metathesis. 

Molecular weights and distributions from references 7-10. 184 

Figure 4.5  External initiation for polymerization of alkylthiophene. Exchange of 

the triphenylphosphines after oxidative addition for 1,3-

bis(diphenylphosphino)propane affords more controlled 

polymerization.
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 185 

Figure 4.6 Polymerization pathway for phosphonate-terminated initiators. 186 
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Figure 4.7 Initiators synthesized by the author. 187 

Figure 4.8 Synthesis of diethyl 4-chloro-3-methylbenzylphosphonate In1 and its 

acid In1A using two different reductions. 187 

Figure 4.9 Synthesis of diethyl 2-chlorobenzylphosphonate In2 and its acid In2A 

from the methyl bromide. 188 

Figure 4.10 Synthesis of diethyl (5-bromo-4-hexylthiophen-2-yl) 

methylphosphonate In3, its acid In3A , diethyl (5-bromothiophen-2-

yl)methylphosphonate In4 and its acid In4A . 188 

Figure 4.11 Synthesis of 4ô-chloro-3ô-methylbiphenyl-4-methanophosphonate and 

its acid from the commercially available hydroxide. 189 

Figure 4.12 Original modification procedure of ITO with phosphonic acids. 191 

Figure 4.13 SI-KCTP as proposed by Kiriy and coworkers. The green grafts 

represent the cured macroinitiator, and the red grafts are the grown 

P3HT chains. Reproduced from Khanduyeva, et al. 
20

 192 

Figure 4.14 Methodology for SI-KCTP according to Locklin et al. 193 

Figure 4.15 Original procedure used in surface initiated polymerization attempts 

from ITO. Intermediate species extrapolated from homogeneous 

polymerization NMR characterization. 193 

Figure 4.16 Modified procedure for surface initiated polymerization from ITO. 

The identity of the intermediate species is extrapolated from 

homogeneous polymerization NMR characterization. 194 

Figure 4.17 UV/Vis and photographs of In1A-treated ITO slides subjected to 

polymerization for increasing amount of hours in 0.09 M monomer 

solution following scheme in Figure 4.14. Data and figures from N. 

Doubina. 195 

Figure 4.18 AFM micrographs of In1A-treated ITO slides (same as Figure 4.15). 

Thickness determined from step height measurements resulted in 18, 

47, and 84 nm for 14, 18 and 24 h polymerizations respectively. Images 

from K. Mazzio (University of Washington). 195 

Figure 4.19 Results from 3-day polymerizations using a control (inactive) 

monolayer of benzylphosphonic acid, a mixed monolayer with active 

In1A, a monolayer made with In1A and a monolayer prepared instead 

with oxygen plasma pretreatment and immersion at 75 °C. 196 

Figure 4.20 Proposed mechanism for early termination due to surface-confined 

disproportionation. 196 
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Figure 4.21  Left: UV/Vis spectra of samples from Figure 4.17. Right: XPS Cl / In 

ratios as a means of determining relative coverage of initiator. 197 

Figure 4.22 Intermediate species under scrutiny. 198 

Figure 4.23 Reaction schemes for intermediate species probing. Expected 

outcomes shown. 199 

Figure 4.24 XPS ratios for HI-pretreated ITOs after immersion with the 

complexing agents as in Figure 4.22. Red bars are the expected ratios 

for 100% reaction yields. 200 

Figure 4.25 High resolution XPS scans for HI-pretreated ML: (a) C 1s, Cl 2p and 

P 2s; (b) Ni 2p3/2 spectra offset for clarity: reaction with 4 eq PPh3 + 

Ni(COD)2 (A), 2 eq of PPh3 + Ni(COD)2 (B), Ni(COD)2 followed by 

addition of PPh3 (C), and reaction with Ni(COD)2 without phosphine 

ligands (D). 201 

Figure 4.26 XPS ratios for monolayers on AP-pretreated ITOs after immersion 

with the complexing agents as in Figure 4.22. Red bars are the expected 

ratios for 100% reaction yields. 202 

Figure 4.27 Ni 2p high resolution after treatments for oxidative addition on 

monolayers deposited after air plasma pre-treatment: (A) Ni(COD)2+ 4 

eqs PPh3, (B) Ni(COD)2 + 2 eqs PPh3, (C) Ni(COD)2, rinse, then 4 eqs 

PPh3, and (D) only Ni(COD)2 treatment. 203 

Figure 4.28 Comparison of samples in XPS Ni 2p3/2 region for air-free transferred 

samples. 204 

Figure 4.29 XPS ratios for monolayers on DSC cleaned ITOs after treatments 

with the complexing agents as in Figure 4.21. Red bars are the expected 

ratios for 100% reaction yields. 205 

Figure 5.1 Electronic conduction in graphene: (a) conduction band partially filled, 

(b) electrons are shifted in k-space by application of an electrical field 

╔. 217 

Figure 5.2 Left: Bottom-gate, bottom-contact graphene field effect transistor to 

electrogate graphene and measure its source/drain current. Right: 

typical resistivity as function of gate voltage in a GFET. The filling or 

emptying if the Dirac cones is shown. Reproduced from Geim, et al.
7
 218 

Figure 5.3 Left: conductivity changes in undoped graphene as the gate voltage is 

varied, and holes or electrons become the majority carriers.
21

 Right: 

GFET-tracking of the doping of exfoliated graphene via increasing 

exposure to NO2 gas doping increase from zero to ~1.5³10
12

 holes/cm
2
 

from the black to the red trace.
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 219 
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Figure 5.4 Top: two possible mechanisms by which dimer 12, formed by highly 

reducing 1
.
, can reduce an acceptor (A). Bottom: free-energy diagram 

for the reaction of 12 with TIPS-pentacene (labeled here as 3). 221 

Figure 5.5 Schematic representation of n- and p-doping of graphene by 12 (in 

equilibrium with 1, 10 min dip) and 2 (overnight dip), with associated 

energy levels. IP, EA and WF (ű) values were estimated from 

electrochemical and UPS data. The pristine graphene ű depended on 

the batch (4.1 eV for the sample before n-doping and 3.9 eV before p-

doping). After treatment, the ű is affected by electron transfer (ET) 

between dopant and graphene, shifting the Fermi level (EF) relative to 

the Dirac point (ED), and the induced surface dipoles (SD) from the 

resulting charges, which change the local vacuum level (VL). 222 

Figure 5.6 Summary of methods for synthesis of graphene plotted as a function of 

quality and price (for mass production). Reproduced from Novoselov, 

et al.
14

 223 

Figure 5.7 Illustration of the CVD growth process via dissolution/precipitation of 

graphene. Reproduced from Yu, et al.
35

 225 

Figure 5.8 Transfer process of CVD graphene onto a patterned SiO2 substrate. 

Reproduced from Sojoudi.
36

 226 

Figure 5.9 Left: theoretical phonon dispersion of graphene, with the special 

momentum coordinates from Figure 1.52 shown. G and D labels 

identify peaks associated with the processes in Figure 4.7. Reproduced 

from Cooper, et al.
4
 Right: zoom into the 1200-1700 cm

-1
 frequencies: 

discontinuities (also known as Kohn anomalies) at coordinates K and ũ 

are marked with red lines and dashed boxes. Reproduced from 

Ferrari.
37

 227 

Figure 5.10 Origin of Raman peaks in graphene. The graphitic (G) peak arises 

from a first-order process involving electronic absorption followed by 

vibrational scattering to a small momentum, losing a fraction of an eV. 

The other peaks are second-order in origin from intercone transitions or 

mediated by in-plane longitudinal optic phonon. The D peaks arise 

from defect scattering. Reproduced from Malard, et al.
38

 228 

Figure 5.11 Raman spectrum of a graphene edge, showing most of the modes 

accounted for in Figure 5.10. Reproduced from Malard, et al.
38

 229 

Figure 5.12 Raman peak intensities changes (a) and peak shifts (b, c) for 

electrogating experiment inside glovebox: experimental (dots) and 

computer-predicted (solid trace) results are shown. 230 

Figure 5.13 Treatment of graphene with rhodocene dimer 12 and proposed 

products. Homolysis of the C-C dimer bridge leads to oxidation state 
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change of the metal centers, which will be Rh(II) for rhodocene 

monomers 1. Electron transfer can occur from 12 or 1
.
 into the 

conduction band of graphene, resulting in transfer of two e- per dimer 

(one per metal center), leaving a Rh(III) salt on the surface of graphene. 230 

Figure 5.14 GFET transfer characteristic before and after treatment with 12: 

pristine (red) quick dip 0.025 mM (yellow), 10 s 2.5 mM (green) and 

10 min 2.5 mM (blue). 231 

Figure 5.15 (a) Chemical structure and (b) space-filling model of 1 (monomer of 

12). Molecular height estimated from crystallography of 

(RhCp*Cp)+PF6
-
,
41

 from Cp* centroid to Cp centroid. (c) Top view of 

a close packed model for monolayer of RhCp*Cp treating the 

molecules as circular discs. Cp* centroid to C from methyl group (the 

atom furthest from the Cp* plane) is 2.73 Å. A van der Waals radius of 

non-bonded C of 1.85 Å was considered.
42

 The sum of the disc areas 

inside the rhombus defined by green lines is 91% that of the rhombus. 233 

Figure 5.16 XPS spectra for pristine and 12-treated graphene. (a) Rh 3d XPS 

regions, (b) comparison with thick films of 12 and 1
+
PF6

-
. Peak fits are 

shown for graphene treated with for 10 min. Traces offset vertically for 

clarity in (b). 234 

Figure 5.17 UV/Vis spectroscopy for graphene on glass before (red) and after 

treatment (green) with 12 2.5 mM for 10 s. 236 

Figure 5.18 Transfer characteristics of graphene before and after dropcasting 

Rh
III

Cp*CpPF6. 236 

Figure 5.19 Left: valence band region for graphene and after successive 

treatments. Right: filling of the conduction band of graphene as 

observed by UPS (and XPS) for successive treatments with 12. 237 

Figure 5.20 XPS high resolution spectra for pristine graphene (red) and after 

quick dip in 0.025 mM n-dopant solution (yellow), 10 s in 2.5 mM 

(green) and 10 min in 2.5 mM (blue). Plots offset vertically for clarity. 238 

Figure 5.21 Electrons transferred into graphene, calculated from the VB region in 

UPS or the XPS-determined Rh(III)/Rhtotal as a function of total Rh 

adsorbed (determined from XPS). 239 

Figure 5.22 Left: the UPS secondary electron edge was used to determine the 

work function for graphene before and after successive treatments. 

Right: Electronic structure changes as probed by UPS. Total work 

function change observed (ȹWF, in blue) and shift of the Dirac point 

relative to the Fermi level (red). 240 
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Figure 5.23 Representation in real space of the contributions to the work function 

(band filling and surface dipoles) after successive treatments with 12. 

The charges generated are represented as point charges. (a) Quick dip, 

(b) 10 s in 0.025 mM, (c) 10 min in 0.025 mM. 242 

Figure 5.24 Schematic representation of surface dipole from electron transfer by 

1. 242 

Figure 5.25 Left: Raman spectra for graphene before and after successive n-

doping treatments. Plots offset vertically for clarity. Right: ratio of 

intensities of 2D peak to G peak. Data acquired by Siyuan Zhang. 243 

Figure 5.26 Left: Zoom into G and 2D Raman peaks of graphene before and after 
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SUMMARY  

This thesis focuses on understanding the chemistry involved in a variety of 

surface modification reactions, both on metal oxides and graphene. In the last few years 

the application of phosphonic acids to metal oxide films has become a popular means of 

modifying their surface properties, including work function and surface tension, which 

are important for transparent conductive electrodes in organic electronics. In this work, 

the rates of chemisorption of a prototypical phosphonic acid on ITO under several 

processing protocols are measured using XPS to determine the optimal procedure. UPS is 

used to track the dependence of the electronic structure of the system, specifically of the 

work function and position of the valence band maximum on coverage.   

Phosphonic acid monolayers with appropriate tail groups can also be used to 

initiate chemistry from surfaces, which has potential for building layers of organic-

electronic devices, including organic solar cells and capacitors. The growth of non-

conjugated polymers from BaTiO3 nanoparticles using a facile ATRP technique is 

studied via solution-phase and solid-state techniques to determine its applicability to 

make matrix-free composites for hybrid dielectrics. In addition, the surface chemistry 

involved in Kumada Catalyst-Transfer to grow polythiophene derivatives from ITO is 

examined via XPS. 

Finally, the newly emerged alternative for replacement of ITO as transparent 

electrode, graphene, is n- and p-doped using redox-active, solution-processable metal-

organics, which increased its conductivity and allowed the work function to be tuned over 

a range of 1.8 eV. The systems are characterized in a systematic study, and the results are 

promising for future applications of graphene. 
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CHAPTER 1 INTRODUCTION AND BAC KGROUND 

1.1 The importance of surfaces and surface chemistry 

Surface science deals with the physics and chemistry at interfaces, be it solid-

liquid, solid-gas, solid-vacuum, liquid-gas, or liquid-liquid. Surfactants, substances that 

adsorb onto surfaces and interfaces, have been tremendously important for industry for 

dispersion and floculation applications;
1
 they are used daily, as in the case of detergents, 

to make ñdirtò dispersable in water and be able to wash it away, through the formation of 

micelles.  

Regardless of surface area to volume ratio, several properties of a material in the 

final analysis depend partially or even completely on the surface. For instance, 

heterogeneous catalytic activity,
2
 adhesion,

3
 and contact resistance

4
 are critically 

dependent on the nature of the surface; hence the importance of surface engineering, 

which we can define as manipulation of the surface properties through physical processes 

and chemistry. The roughness of a surface can affect the hydrophobicity of a material, 

and is a major contributor to the lotus flower ultrahydrophobicity.
5
 The chemical 

modification of a surface can be used to create anti-corrosion films for metals,
6
 self -

cleaning glass,
7
  antifog

8
 and antifouling

9
 coatings, among other applications. 

1.2 Organic monolayers on oxides  

Within surface science, the deposition of ultrathin layers of atoms and compounds 

(submonolayer, monolayer and few-layer coverage) has been extensively researched. 

Monolayers consist of one-layer thick coatings on a surface, be it flat, spherical or 

irregular. Given that the surface affects the interfacial properties, one monolayer can 

induce remarkable changes on the interfacial behavior of the surface.  Using organic 

molecules as building blocks for monolayers offers the possibility of choosing the 
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functionalities needed for a particular surface in a particular application through rational 

design and synthesis. 

The molecules used as monolayer-forming modifiers can typically be broken 

down into the anchoring (head) group, spacer, and tail group (Figure 1.1). The choice of 

head group will determine the affinity for the surface and the possibility or absence of 

homo-condensation with other molecules during deposition. The spacer group will (in 

part) determine the intermolecular interaction between neighboring molecules on the 

surface, as well as define the separation between anchoring group and any functionality 

that is placed at the end of the molecule. It can include alkane chains or conjugated 

moieties, such as rings, as the backbone. The tail group can consist of merely an inert 

capping group, or include a chemically reactive moiety. Tail groups will largely 

determine the wettability of the modified substrate for subsequent layer depositions.
10

 

 

 
 

Figure 1.1 Monolayer coating of a metal oxide with an organic modifier. 

 

 

 

Self-assembly and Langmuir-Blodgett film transfer have been the main methods 

for monolayer deposition from solution.
11

 In self-assembly, a grafting group positions the 

molecules on the surface, and the molecular interactions from the spacer group organizes 

the monolayer. In the Langmuir-Blodgett technique, an ambiphilic monolayer forms on 

the air liquid interface.  This can be transferred to a solid substrate by immersing (or 

removing) the solid into (from) the liquid due to distinct affinity of the monolayer for 

each of the phases involved.
12

 Surface functionalization of gold surfaces with thiols and 
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their derivatives has been extensively researched from the 1980ôs, and has served as the 

iconic system to examine many basic science questions related to self-assembly.
13

  In 

addition, self-assembly of thiols on gold has enabled a variety of applications in 

biomedicine, dispersion of nanoclusters in polymer matrices and solvents, blocking of 

sites for anisotropic crystal growth, electrochemical methods, etc.
13

  

The work presented in Chapters 2, 3 and 4 of this dissertation focuses on the less 

extensively studied surface modification of oxides, geared towards organic electronics, 

using phosphonic acids as anchoring moiety. The next sections provide a short overview 

on why this thesis focuses on this particular grafting group, and a brief summary of 

analytical techniques that have been used by the surface science community to 

characterize interfaces.  

 

 

Figure 1.2 Monolayer coating of oxide flat surfaces and nanoparticles. 

 

 

1.3 Physisorption and chemisorption 

 

The attachment of small molecules to oxides can occur through physisorption or 

chemisorption. In physisorption, the interaction is relatively weak, such as van der Waals 

forces, weak coordinate bonds, or hydrogen bonds. There are typically small activation 

barriers for physisorption, and the dissociation energy of the modifier from the surface is 

low. In chemisorption, new covalent bonds are formed, with dissociation energies that 

can be orders-of-magnitude higher than physisorption. Chemisorption is characterized by 

chemical specificity, with changes in electronic states detectable by suitable physical 

means, and an elementary step involving an activation energy. In Figure 1.2, a one-
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dimensional potential for a system consisting of an atom A approaching a surface ů is 

shown. The interaction is favorable at the physisorption well, and even more so in the 

chemisorption well, but A must come with a certain kinetic energy to overcome the 

energy barrier Eads. Typical chemisorption energies are 15-100 kcal/mol, while 

physisorption energies are 2-10 kcal/mol.
14

 

When the attachment is due to physisorption, the coating may be easily removed 

via heat, solvents, or sonication. Reversal of the behavior back to the initial untreated 

surface properties upon exposure to any of these removal techniques can indicate if the 

attachment is only through physical adsorption. The same anchoring group that leads to 

physisorption in a given oxide can lead to chemisorption in a different one (for example, 

a carboxylic acid on indium-tin oxide vs. on titania); also, the modification protocol can 

be changed to favor chemisorption over physisorption, through heating for example.
15

 

 

 
 

Figure 1.3 Energetics of chemisorption vs. physisorption. A one-dimension 

representation of the potential energy of a system consisting of a surface ů and an 

approaching atom A. No energy barrier is presented for physisorption. Modified from 

Kolasinski.
14

  

 

 

Most of the reports on oxide modification, particularly from the 1990ôs and early 

2000ôs, used carboxylic acids and alkoxy/halosilanes as anchor groups. Other 
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functionalities that can be found in the literature include acyls, thionyls and 

phosphoryls,
16

 amines,
17

 hydroxamic acid,
18,19

 sulfonates,
18

 and recently there has been a 

surge in the R&D community of a variety of phosphorus based moieties, including 

phosphonates
20

 and phosphates.
21

  Chapters 2 and 3 of this thesis concentrate on 

phosphonic acids as anchoring groups for modification of metal oxide surfaces with 

applications in organic electronics. 

 

1.4 Analytical techniques for characterization of monolayers  

 

The signal-to-noise ratio of many typical analytical techniques is not sufficiently 

good for analysis of surfaces, especially when considering flat surfaces given the 

ultrathin path lengths and small amount of material on top.   Nonetheless, there are a 

number of analytical tools that can help determine if a monolayer is formed and probe the 

nature of attachment present. An analysis of observations from a combination of 

techniques provides more information to enable one to paint a self-consistent picture of 

the detailed structure of the modified surface. Some techniques that are helpful in 

determining coverage include thermogravimetric analysis (TGA), quartz-crystal 

microbalance (QCM), X-ray photoelectron spectroscopy (XPS), near-edge X-ray 

absorption fine structure (NEXAFS), contact angle (CA), cyclic voltammetry (CV), 

scanning probe microscopies (such as atomic force, AFM), electron microscopies, and for 

very small, dispersable nanoparticles, nuclear magnetic resonance (NMR) and 

ultraviolet/visible spectroscopy (UV/Vis). There are also techniques that can help 

elucidate binding modes; in the case of chemisorption, multiple bonds might be formed 

between the organic and the oxide. For instance, infrared spectroscopy (in transmission or 

dispersion mode for nanoparticles, and in reflection mode for flat surfaces) is one of the 

most powerful tools, along with Raman spectroscopy. Solid state (SS) NMR and XPS can 

sometimes be helpful as well.  A brief explanation of some of these techniques -those that 
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were used for this thesis, or are part of someone elseôs work relevant to this thesis- is 

presented below, and more detailed explanations are offered throughout the text as 

needed.   

In XPS, X-ray radiation ionizes the atoms at the surface (and a few microns in) of 

the sample. Electrons from atoms that originate within 0-10 nm from the surface are able 

to escape, with a probability of escape proportional to a negative exponential on the 

distance from the surface. These are collected by the spectrometer detector, which 

separates the electrons as a function of their kinetic energies. These kinetic energies in 

turn relate back to the orbital energies from which they originated. The intensities of the 

peaks allow one to determine the relative atomic concentrations at the interface, and 

given that the chemical environment changes the orbital energies slightly, information on 

the functionalities present can be also be extracted in some cases. Detection limits as low 

as 0.1% atom concentrations can be achieved.
22

  

 

 
                               (a)                                                                  (b) 

 

Figure 1.4 XPS fundamental processes: (a) Energetics of the process of photoemission 

and detection of associated kinetic energies from which the binding energies can be 

deduced. (b) Schematic of the instrumentation (top) and zoom into the analysis area 

(bottom). The X-rays are generated by electron impingement on an Al anode and 
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monochromatized using a quartz crystal. The photoelectrons are detected using a 

hemispheric analyzer. The X-rays penetrate a few microns into the sample, but only 

electrons emerging from the top 10 nm are released into vacuum and detected. (b) was 

modified from Haasch.
23

 

 

AFM is one of many scanning probe microscopies. In intermittent-contact mode, 

traditionally used to probe monolayers on oxides, a cantilever is stimulated through a 

piezoelectric crystal to oscillate at its resonance frequency at a given amplitude such that 

the tip enters for short periods of time the short-range force field of the surface being 

probed. Normally, a digital feedback mechanism is in place to adjust the amplitude of the 

cantilever oscillation so that it is constant, and an image suggestive of the topography is 

drawn based on the adjustment of the cantilever height needed to keep constant 

amplitude.  Given the short interactions with the surface in intermittent contact tapping 

mode, damage to the sample is usually avoided. A phase image can also be obtained, 

which consists of the phase difference between the commanded oscillations of the 

piezoelectric and the oscillations detected by the feedback loop, dictated by the 

compositional differences of the sample. On atomically smooth oxides, the coverage by 

modifiers can be observed as height differences or phase differences, but for 

polycrystalline substrates it is hard to discern molecules from the substrate and is used 

instead only to determine roughness or check for morphological changes. 
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Figure 1.5 Schematic of intermittent-contact mode AFM system. 

 

 

In infrared-reflection absorption spectroscopy (IRRAS), a grazing angle geometry 

is used to collect information on surface vibrational modes on an IR-reflective substrate. 

A stationary wave perpendicular to the surface results from the incidence of an IR ray on 

the surface, where the incident and reflected beams interfere constructively (Figure 1.6a). 

In Figure 1.6b the amplitude of the electric field on the surface is plotted for this 

perpendicular wave. The electric field is remarkably enhanced at high grazing angles. 

Only vibrations with a dipole moments aligned perpendicular to the surface can interact 

with p-polarized light.   By comparison with the infrared spectrum of the modifier itself, 

binding modes can be identified, and orientation can be determined via careful modeling 

of the vibrational modes of the attached molecules. Polarization Modulation (PM)-

IRRAS can additionally increase sensitivity by acquiring the p- and s-polarized light 

(quasi)simultaneously and then doing a ratio of the two. Fractions of a monolayer can be 

detected depending on the system being probed.
24
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Figure 1.6 (a) IRRAS experiment: incident beam (E
i
) on a surface in a grazing angle 

geometry. s- and p-components of the incident beam are shown in blue, and s- and p-

components of the reflected beam Er are in green. Constructive interference of Ep
i
+Ep

r
 

give rise to EpṶ, which will have a relative amplitude with respect to the incident p-

polarized field dependent on the incident angle ū of (Ep
Ṷ/ Ep

i
 )

2
, as shown in (b). (b) 

Modified from Hayden.
25

 

 

 

In cyclic voltammetry (CV) for analysis of monolayers, a conventional three-

electrode electrochemical cell is used wherein the surface-modified electrode serves as 

the working electrode. The potential across the cell is ramped linearly with time until a 

redox process of a given species in solution (or at the tail group of the monolayer) is 

observed as a change in current; then the potential ramp is reverted to observe the 

reversible redox reaction (if possible). The properties of the working electrode determine 

in part the shape of the curve observed, and hence information on monolayer quality and 

thickness can be inferred from peak (potential) separations and the currents registered.  

These values can be used to determine charge transfer rates through the monolayers, 

compared with different monolayers and against the bare (unmodified) electrode. 

 



 

10 

 
 

Figure 1.7 Schematic of a CV measurement. The working electrode (W) will have the 

surface being probed. A counter electrode (C) completes the circuit and a reference 

electrode (R) serves to calibrate the potential. From ALS©.
26

    

 

 

Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) can be used to 

evaluate the order and quantify the molecular tilt angle of monolayers on oxides. It is a 

form of X-ray spectroscopy that uses high intensity, monochromatic, linearly polarized 

light from a synchrotron source to measure electronic transitions near the absorption edge 

of an atom present in the near surface (few nm).
27

 Linearly polarized X-rays from a 

synchrotron source are absorbed through excitations of core electrons to antibonding 

orbitals above the vacuum or Fermi level. The created holes are then filled by Auger 

decay (see figure below). The intensity of the emitted primary Auger electrons and the 

photoelectrons are a direct measure of the x-ray absorption.  Analyses of the electronic 

transitions near the carbon K-edge are commonly used to characterize order in 

monolayers with long-chain alkyl groups.
28

 The cross section for these excitations is a 

function of the linearly polarized lightôs alignment with the antibonding orbital. Thus, by 

collecting spectra at multiple angles of incidence the amount of alkyl chain alignment can 

be assessed. 
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Figure 1.8 NEXAFS for a diatomic molecule: the X-ray radiation takes a core level 

electron to an antibonding orbital; an electron from another level fills the hole, releasing 

energy in the process that will ionize another (Auger) electron.  Reproduced from Stohr.
27

 

 

1.5 Phosphonic acids as monolayers 

1.5.1 Attachment modes to oxides 

The general structure of a phosphonic acid (PA) is shown on the left in Figure 1.9. 

PAs display three geminal bonding sites: the acidic hydroxyls (pKa1 1-4, pKa2 5-9) and 

the phosphoryl moiety.
29

 The phosphonate group has great affinity for metal oxides, 

which explains the abundance of natural clays that consist in part of metal phosphates. 

Phosphonic acids offer the possibility of self-limiting monolayers given that the strongest 

interaction is between the metal oxide and the anchor group; homocondensation to form 

P-O-P bonds is not favored except under strictly anhydrous conditions at high 

temperatures,
30

 and unless another anchor group is in the tail, there should be a very 

limited driving force to make multilayers other than the weak physisorption of unreacted 
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molecules lying on top of the monolayer, which can be removed through rinsing and 

sonication.
31

 Given that there are three oxygen atoms available for reaction with a metal 

oxide, multiple binding modes to the metal oxides are possible (Figure 1.9). 

 

 
 

Figure 1.9 (Left) The phosphonic acid functionality connected to a given R spacer/tail. 

(Right) Some possible binding modes of phosphonic acids to a metal oxide surface.  M = 

metal: Monodentate (a and b), bridging bidentate (c and d), bridging tridentate (e), 

chelating bidentate (f and g), chelating tridentate (h), and some possible additional 

hydrogen bonding interactions (i ï l). Modified from Mutin, et al.
32

 

 

Figure 1.10 shows some plausible mechanisms for attachment of a phosphonic 

acid to a metal oxide surface. The P center can act as electrophile for nucleophilic surface 

hydroxide groups with cleavage of P-OH and formation of P-OM (route 1) and/or a 

Lewis acid/base interaction between the phosphoryl and the metal center can initiate the 

heterocondensation (route 2). 
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Figure 1.10 1) Mechanism of phosphonic acid attachment to poorly Lewis-acidic metal 

oxides: a) heterocondensation with a surface hydroxyl group, b) second 

heterocondensation with the surface, c) bidentate bound state, d) hydrogen bonding of 

phosphoryl group with surface hydroxyl. 2) Mechanism of phosphonic acid attachment to 

Lewis acidic metal oxides: e) initial conditions, f) coordination of the phosphoryl oxygen 

to a Lewis acidic site on the surface followed by heterocondensation with the now more 

electrophilic phosphorus, g) additional heterocondensation, h) final tridentate binding 

state. Reproduced from Hotchkiss, et al.
33

 

 

 

Binding modes have been determined using multiple techniques. Figure 1.11 

shows vibrational characterization through PM-IRRAS of octadecylphosphonic acid 

modified indium-tin oxide (ITO) in the region where the stretching ɜP-O absorptions 

occur, and comparison with the free acid in powder form. It is clear that the ɜP=O 

stretching mode is still present on the modified substrate, while the P-O-H absorptions 

appear to have faded. This is consistent with structure 1d in Figure 1.9.  Figure 1.12 

shows that XPS can also be helpful to gain insight into the bonding mode of the 

phosphonic acid; here a comparison between the O 1s XP spectra of the powder of 

octylphosphonic acid (OPA) and OPA modified ITO is made. DFT calculations predict 

that there will not be any protons attached to any of the P-O bonds, which is consistent 

with the XPS data, which shows no overlap between the modified ITO and the P-O-H 

component of the O 1s spectrum of the powder.   
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Figure 1.11 Comparison of the ODPA transmission FTIR spectrum (top spectrum) and 

the PMïIRRAS spectrum for an ODPA modified DSC/OPïtreated ITO surface (bottom 

spectrum) in the ɜ(PïO) region.  Inset: Spectral comparisons for the ɜ(CïH) region.
34

 

 

 

Figure 1.12 Experimental O 1s core level XPS spectrum for OPA adsorbed on the ITO 

surface (dots), fitted with components calculated at the DFT level (yellow, blue, red 

lines); gray baseline corresponds to fit error. The three main components of the DFT fit 

are at 529.5 eV (bulk O); 530.0 eV (surface InïOïIn and SnïO species); and 531.1 eV 

(PïOïIn, P=O...In, and surface InïOH).  An additional peak at 532.6 eV was used to 

complete the fit (light blue). XPS spectrum of isolated OPA powder (dashed line) is 

shown for comparison, along with synthetic peaks for P=O (pink) and P-O-H (orange) 

and an extra component (likely contamination, in gray). Modified from Paramonov, et 

al.
35

  

 I
n

te
n

s
it

y
 (

a
.u

.)

534 532 530 528

Binding Energy (eV)



 

15 

 

1.5.2 Comparison with other anchoring groups 

Silanes have been extensively used for silica/glass modification
36-38

 as well as for 

indium-tin oxide (ITO),
39,40

 and are readily available for commercial applications. A 

variety of terminations (R-Si-X3, X=Cl, alkoxy and other hydrolyzable groups) may be 

used that affect the reactivity with the oxide;
41

 for instance, trichlorosilanes are very 

reactive. It has been well established that high quality self-assembled monolayers 

(SAMs) are difficult to produce using trichlorosilanes given the strict control of water 

content and concentration needed to avoid homocondensation reactions leading to 

multilayers (Figure 1.13).
30

 It is common to prepare alkoxylsilanes which give better 

stability and reaction control. Ethoxy-terminated silanes give more controllable reactions 

then their methoxy analogues. Even this slower reacting moiety needs optimization of 

surface modification conditions to avoid multilayer formation, as shown in Figure 1.14. 

 
 

Figure 1.13 Schematic representation of possible outcomes of trichlorosilane reaction 

with an oxide surface as a function of water content. Reproduced from Mutin, et al.
30
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Figure 1.14 Top: Scheme on alkoxysilane anchoring on a metal oxide (the silane shown 

is the prototypical 3-aminopropyltriethoxysilane, APTES). Bottom: AFM 

characterization of films prepared under different reaction times, concentrations and 

temperatures. Reproduced from Howarter and Youngblood.
37

 

 

 

For carboxylic (fatty) acids, the driving force for attachment to metal oxides is 

usually hydrogen bonding with polar groups on the surface, or formation of a surface salt 

between the carboxylate anion and the surface metal cation. 

 

 

Figure 1.15 Grafting of carboxylic acid to metal oxides via H-bonding (left) and salt 

formation (right). 
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Carboxylic acids have been deposited on various substrates for organic electronic 

applications,  for improving charge collection through work function tuning or surface 

energy engineering
42,43

  and are anchoring group of choice for dyes in dye-sensitized 

solar cells.
44

 Nonetheless, in the last decade, the use of phosphonic acids to a variety of 

metal oxides has propagated, challenging the dominant role of carboxylic acids, 

especially on alumina,
45-47

 and on indium tin oxide (for organic electronic 

applications),
33,48-53

   A study by Vercelli and coworkers points out the differences 

between using carboxylic acids (CA) vs. phosphonic acids (PA); they compared the 

coverage of 6-ferrocenylhexyl tail group with a CA or a PA anchor group on ITO by 

CV.
49

 They found that under the same modification protocols, the PA gave a coverage of 

4.2 ³ 10
-10

 mol/cm
2
, while the CA gave 1 ³ 10

-10
 mol/cm

2
 (ideal monolayer coverage was 

estimated at 4.5 ³ 10
-10

 mol/cm
2
). As Figure 1.16 shows, the voltammogram in the case 

of the PA is very symmetric, indicative of fast and reversible electron transfer from/to the 

electrode. The film was also robust (survived multiple cycles). 

 

 

Figure 1.16 Cyclic voltammetry of hexylferrocene phosphonic acid in 0.1 M Bu4NClO4 

adsorbed onto  ITO from EtOH solutions at A)10
-5 

M and B) 10
-3

 M concentrations. 

Reproduced from Vercelli, et al.
49
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1.5.3 Synthesis of phosphonic acids 

There are multiple approaches to making phosphonic acids. In the Michaelis-

Arbuzov reaction an alkyl halide reacts with a trialkylphosphite to form a phosphonate 

precursor (Figure 1.17). It typically provides good yields and is performed by refluxing 

of the alkyl halide in neat triethylphosphite. If the purity of the starting material is high, 

after removal of excess triethylphosphite under vacuum, no additional purification will 

typically be required for the phosphonate. Another approach is the Michaelis-Becker 

reaction, using diethylphosphite in the presence of a base.
54

 The conversion to the acid 

can be done in a variety of ways; the indirect methodology consisting of replacement of 

ethoxy groups for silyls and subsequent deprotection with water is of widespread use 

nowadays.
54

  

The Michaelis-Arbuzov reaction is not applicable to phenyl halides, so other 

approaches are pursued, such as light mediated coupling, Hirao cross-coupling using 

dialkyl phosphites (Figure 1.18) and other related transition metal catalyzed reactions.  

These strategies are nicely reviewed in a recent report by Bujoli and coworkers.
54

    

 

 
 

Figure 1.17 Michaelis-Arbuzov and Michaelis-Becker conversion of alkyl/benzyl halides 

to the phosphonate and subsequent hydrolysis. 
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Figure 1.18 UV light mediated conversion of halide to phosphonate, Hirao cross-coupling 

of halide with dialkyl phosphite, and subsequent direct conversion to the acid. 

 

 

1.5.4 Deposition of phosphonic acids on transparent conductive oxides 

In the last 15 years, several reports have been published of phosphonic acids for 

modification of transparent electrodes, especially ITO, which is not surprising given that 

it has been the most widely used transparent conductor used in commercial applications. 

Reports vary in terms of surface preparation (cleaning conditions), deposition protocols, 

surface analysis and properties after deposition, device fabrication / characterization, and 

theoretical studies on binding modes and work function changes. Before reviewing what 

has been done, ITO itself will be briefly introduced.  

 

 
 

Figure 1.19 Left: surface modification with phosphonic acid to increase adhesion of 

deposited organic on the surface. Reproduced from Hotchkiss, et al.
33

 

 

 

1.5.4.1 Crystal and electronic structure of indium-tin oxide (ITO) 
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Low resistance commercially available ITO typically consists of polycrystalline 

In2O3 with Sn substitutions for Indium in ~10-14 % of the sites sputtered deposited as 

films ~100 nm thick on glass or plastic. Annealing under anoxic conditions results in 

oxygen vacancy sites, leaving a pair of electrons behind.
55

 Such dopings result in the 

electronic structure shown in Figure 1.20, where the additional electrons introduced result 

in the Fermi level shifted close to or within the conduction band minimum (see Section 

1.5.5),
56

 which confers it remarkable conductivity in thin films while maintain over 90% 

transparency in the visible range.
57

  Figure 1.20 shows a cross-section schematic of a 

clean ITO film, where a clean, hydroxylated surface due to reaction with moisture is 

present.
58

 
 

 
Figure 1.20 Schematic view of the frontier orbitals in ITO thin films (flat  bands). High 

concentration of oxygen vacancies produce electron-rich bands that with energies as high 

as the In 5s orbitals. Doping with Sn introduce additional electron-rich sites. Significant 

doping results in the Fermi level lying in the conduction band. Adapted from Fan and 

Goodenough.
56

  

 

 
 

Figure 1.21 Cartoon for the cross-section of indium-tin oxide. 
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1.5.4.2 Literature precedents on phosphonic acid deposition on TCOs 

Some of the earliest reports on the use of PAs on ITO adapted the methodologies 

for other anchor groups or other oxides such as SiO2 or mica (a silicate with K, Mg and 

Al cations). The deposition of PA on atomically flat mica was studied in the 1990ôs by 

D. K. Schwartz and collaborators.
59,60

 One of the techniques they used to track adsorption 

over time was atomic force microscopy (AFM). Figure 1.22 shows ex situ AFM images 

of mica that has adsorbed octadecylphosphonic acid from tetrahydrofuran. In the first 

couple of minutes, small islands (< 10 nm diameter) are seen, which grow as time 

progresses. The coverage data acquired from AFM did not fit properly to the usual 

adsorption and growth kinetics model where the coverage is proportional (by a constant 

Ŭ) with time to a fitted power ɜ: 
naq t= ; however, if the model is modified to account 

for interfacial transfer when the substrate is brought into/out of the solution -so that

)1(0

nn aqaq tt -+= - where ɗ0 is proportional to concentration, the data fits much better. 

This additional term is attributed to a quasi-Langmuir Blodgett deposition, the 

physisorption methodology mentioned earlier in the chapter that relies on transfer of 

films from different phases through application of pressure.   

 

 

Figure 1.22 Left: AFM images (1 ɛm × 1 ɛm) of mica surface exposed to 0.2 mM ODPA 

solution in THF. Gray scale represents 5 nm height. Reproduced from Woodward, et al.
59
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Right: Coverage data for experiments at two concentrations, fitted to a t
1/2

 function. 

Reproduced from Woodward, et al.
60

 

 

  

The nature of the attachment was not discussed (presumably the layers are only 

physisorbed), but a modification of this method would be later developed by the J. 

Schwartz group from in the early 2000ôs,
15

 for bonding phosphonic acids to the native 

oxide of silicon. In their procedure a substrate was held vertically in a solution of the 

phosphonic acid in THF below the critical micelle concentration, and the solvent allowed 

to evaporate slowly, with the purpose of taking advantage of the quasi-Langmuir 

deposition first described by D. K. Schwartz. They coined the protocol ñtethering by 

aggregation and growthò (T-BAG). Washing this film in dilute base would remove most 

of it, so in order to make the film more robust they would heat the substrate subsequent to 

deposition to covert the surface-adsorbed phosphonic acid to surface-bound phosphonate. 

They used IRRAS to determine that the phosphonate functionality was present on the 

surface, quartz-crystal microbalance (QCM) to quantify packing density, and AFM to 

probe the thickness of the layer, all giving results consistent with a chemisorbed 

monolayer on the oxide of silicon. 

 
 

Figure 1.23 T-BAG setup and chemical reactions on the native oxide of Si. Reproduced 

from Hanson, et al.
15
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T-BAG for the native oxide of silicon would later be adapted for ITO, without 

any characterization other than QCM on a film prepared on ITO with 1/7000th the 

concentration (0.1ɛM) used for all other experiments (0.7 mM). 
31

 Some of their results 

from devices using the modified ITOs are presented in subsequent sections below. 

 

Chen and coworkers examined several solvents for deposition of PAs on ITO,
61

 

including triethylamine, diethyl ether, tetrahydrofuran, pyridine, acetone, methanol, 

acetonitrile, dimethyl sulfoxide, and water. They compared the CV, contact angle, and 

XPS for monolayers of phenyl, 4-aminobenzyl, n-cotadecylphosphonic acids as well as 

16-phosphohexadecanoic acid, created using the same modification protocol. Preparation 

of the monolayers consisted of immersion of solvent/base-cleaned susbtrates in 1 mM 

solutions for 24 h followed by rinsing in the solvent and annealing for 24 h at 200 °C to 

promote covalent bonding, followed by rinsing with water. P/In XPS ratios were used to 

assess coverage for a given phosphonic acid. The electrochemical behavior of ITO is 

changed when covered with the phosphonate films, as the peak separation between the 

oxidation and reduction peak of a redox-active species in solution is dependent on the 

rate of electron transfer. This could be used to assess not only the extent of defects on a 

monolayer, but also to track the stability of the monolayers upon electrochemical cycling. 

To directly observe the defects, underpotential deposition of Pb was used: lead would 

only deposit in bare ITO sites given that less overpotential is required to deposit the metal 

on the electrode than to nucleate it in the bulk solution. The lead could be quantified by 

scanning tunneling microscopy and XPS.  The conclusion was that high quality 

monolayers were obtained with the lower dielectric constant solvents that did not have 

nitrogen groups to complex to the ITO. 
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Figure 1.24 Representation of phosphonocarboxylic acid monolayer quality dependency 

on solvent used.  From Chen, et al.
61

 

 

 

Losego and collaborators studied the deposition of monolayers of 

alkanephosphonic acids with chain lengths between 8 and 18 carbons on ITO deposited 

on atomically flat SiO2.
28

 Near-edge X-ray absorption fine structure (NEXAFS) 

spectroscopy experiments were conducted to evaluate the effects of chain length. Before 

depositing the SAMs, organic residue was removed from the ITO surface via a 10 min 

UV ozonolysis treatment, after which the ITO samples were immediately immersed in 1 

mM ethanolic solutions for 12 h, time after which the samples were rinsed with ethanol 

and tetrahydrofuran. They determined that long-chain SAMs are more highly ordered, 

and have a smaller tilt angle, than short-chain SAMs. They also found that only when the 

ITO surface roughness becomes greater than the modifier chain length (Ḑ15 Å) that these 

alkanephosphonate films become relatively disordered. 
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Figure 1.25 NEXAFS-derived results for high-quality ITO coated with 

octadecylphosphonic acid with increasing immersion times. From Losego, et al.
28

   

 

 

Chapter 2 of this thesis examines chemisorption kinetics of PA deposition on 

indium-tin oxide from ethanol, and a brief review on the latest efforts of the surface 

science community to learn more on the deposition of PAs from polar solvents on various 

metal oxides is presented there. 

1.5.5 Modulating the work function of indium tin oxide (ITO) other TCOs  

Electrons in solids follow Fermi-Dirac statistics, as in Equation 1.1, where f(E), 

the probability of finding an electron at an energy (E) depends on kT and a reference 

energy EF known as the Fermi level, at which the probability is 1 when T = 0 K, but ½ 

for any other T. 

 

Equation 1.1                              ὪὉ Ⱦ  
 for T > 0 K 

 

A material will have a density of states dependent on its components and its 

crystal structure. In metals, the occupied states overlap with the unoccupied states, and 

hence there is no band gap. In semiconductors and insulators, there is no overlap, and a 
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band gap is present. In any case, the extent to which those bands are filled depends on 

temperature and the Fermi energy, as shown in Figure 1.26. At T = 0 K, no electron will 

populate bands that lie higher in energy than the Fermi level. For metals, this is the top of 

the valence band. For an intrinsic semiconductor or an insulator, it is in the middle of the 

band gap. As T increases, it becomes more feasible for electrons to fill the conduction 

band, and the narrower the band gap, the more likely it is to find electrons in the 

conduction band. The vacuum level, the energy at which electrons become unbound from 

the system, can be used as a reference to compare the position of the Fermi level between 

different materials. The energy required to remove an electron from EF and place in 

vacuum is known as the work function (ű). 

 

 
 

Figure 1.26 (a) Electronic structure of a metal at T = 0 K. The Fermi level EF, vacuum 

level VL, conduction band (CB) and valence band (VB) are shown). The Fermi-Dirac 

distribution is represented by the red trace, and the work function is ű.  (b) Electronic 

structure of the metal at T >> 0 K. (c) Electronic structure of a semiconductor at T = 0 K, 

with a band gap BG and work function ű. (d) Semiconductor at T >> 0 K. 

 

 

Figure 1.27 shows how the Fermi level position changes in the case of intrinsic, n-

doped and p-doped semiconductors. It is clear that for doped semiconductors the Fermi 

level tracks the density of states and carrier concentrations. Hence, the work function can 

serve as a reference to tell how accessible certain states can be. 
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Figure 1.27 Schematic band diagram, density of states, Fermi-Dirac distribution, and 

carrier concentrations for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at 

thermal equilibrium. EC and EV are the conduction band minimum and valence band 

maximum respectively; Eg is the band gap; ED, EA, and ND, NA are the energy levels and 

density of states associated with the donor and acceptor respectively; the relative density 

of carriers associated with n- and p- dopants are labeled in the last column as n and p 

respectively. Reproduced from Sze and Ng.
62

 

 

 

There are three factors that can lead to modification of the work function when 

attaching interface modifiers, such as phosphonic acids:
63

 bond dipole (BD) ï due to the 

chemical bonding of the modifier; geometry rearrangement (ȹ◖M) ï brought about by 

changes in the surface geometry after chemisorption, and molecular dipole (ȹ◖MD)  ï 

induced by the molecular dipole of the attached modifier, which changes only the 

vacuum level.  
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Equation 1.2                                 Ў‰ ὄὈ Ў‰ Ў‰  

Figure 1.28 shows this graphically; ȹūM = ūM ï ū0 (ūM is the WF of a virtual 

surface of a bare substrate in the  modified geometry after chemisorption and ūO is the 

WF of the optimized bare substrate).
64

 

 
 

Figure 1.28. Work function change of a surface with original work function ū0 by surface 

modifier. Modified from Heimel, et al.
65

  

 

  

While the magnitude of these factors can depend on the coverage, for the 

phosphonic acid/ITO system, the molecular dipole when using dipolar modifiers is the 

biggest contributor to the work function change,
63

 and can be estimated by  

 

Equation 1.3 Ў‰  

where N is the surface coverage, ɛz is the interface dipole contribution from the modifier, 

projected along the normal axis, Ů0 is the vacuum permittivity and Ůeff is the effective 

dielectric constant, which accounts for the fact the ɛ̂ is reduced relative to that calculated 

for isolated molecules as the coverage increases due to depolarization from the 

neighboring dipoles (‐ ‘ Ⱦ ‘ .
63

  

In an OLED, as seen in Figure 1.29, the ionization potential (IP) of the hole 

transport layer (HTL) is greater than the work function of the anode (ITO), which creates 

a barrier to hole injection  (electron extraction from the HTL to the electrode). A dipolar 

modifier, such as a semifluorinated phosphonic acid, can change the energy level 

alignment. Further discussion is presented below, in conjunction with Figure 1.30. 
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Figure 1.29 Left: LG OLED TV. Right: basic schematic for the operation of an OLED, 

with holes injected from the anode (ITO) into the hole transport layer (HTL), which can 

migrate to the emissive layer (EML) to form an exciton with the electrons injected from 

the cathode. The exciton may relax by emitting light corresponding to the band gap of the 

EML (minus the exciton binding energy). 

 

Figure 1.30 presents a couple of different scenarios: In (A), an ITO electrode with 

an effective work function of ca. 4.5 eV, shows a difference in energy between its Fermi 

level and the HOMO of the HTL prior to contact; after electronic equilibrium has been 

achieved (B) through charge transfer between ITO and the HTL, there is a decrease in 

effective work function for ITO at the ITO/HTL interface, and movement of EF,ITO into 

the conduction band region, leading to an energy barrier for hole injection ȹEhole. In (C), 

the ITO electrode has been modified with a dipolar small molecule modifier that 

possesses a strong dipole pointing away from the surface; this results in an increase of the 

vacuum level, and hence an increase in the work function of the ITO surface relative to 

the untreated ITO, which increases the effective work function for ITO at the ITO/HTL 

interface. Contact with the HTL (D) and alignment of the Fermi levels results in a 

decrease in the energy barrier for hole injection to ȹEôhole. 
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Figure 1.30 Schematic energy level diagrams for bare ITO (A) contacting a hole transport 

layer (B), and also the case where the ITO is modified with a dipolar modifier (C) and the 

effect on the energy level alignment (D). Before contact, the materials show flat bands, 

which bend upon contact to align Fermi levels. Reproduced from Hotchkiss, et al.
33

 

 

 

1.6 Tuning the surface energy of TCOs: interface modification to promote adhesion 

and stability 

 

Semiconducting polymers for OPVs or OLEDs are solution processed onto ink-jet 

printing or stamping substrates coated with a conductive film (usually ITO) through spin 

casting, dip coating, techniques. A homogeneous, smooth, pinhole-free film with 

controlled thickness is desired. Good wetting by the solvent and the polymer with the 

substrate is needed. Phosphonic acids have been used to modify substrates to improve 
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wetting and adhesion not only for good film formation but for it to be stable over time 

and operation.
51

 

 

 
 

Figure 1.31 Wetting scenarios for a polymer (or other organic) deposited on a flat 

substrate. Reproduced from Hotchkiss, et al.
33

 

 

 

The surface energy (ɔ) is a quantification of the imbalance of forces at a surface or 

interface. Surface energies of differently treated ITOs were previously studied by the 

author during his MS studies (Figure 1.32).
34

 These can be obtained from contact angles 

with two liquids, and can be broken down into dispersive (instantaneous dipoles) and 

polar contributions (H bonds, dipole/dipole, induced dipole). There was a significant 

decrease in the surface energy upon phosphonic acids deposition with various R groups 

compared to that of plasma treated ITO. It was also possible to determine that the overall 

decrease in surface energy was mainly due to a decrease in the polar component of the 

surface energies, given that it is the tail groups which end up defining the wetting 

properties. 
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Figure 1.32 Surface energies (broken into polar and dispersive components) for ITO 

cleaned by scrubbing and sonication protocol (DSC), DSC followed by oxygen plasma, 

and different phosphonic acids after oxygen plasma pretreatment. 

 

1.6.1 Examples of applications in organic electronics  

 

There are numerous studies in which the principles discussed in the previous 

sections have been used to modify the electrodes of organic electronic devices with the 

goal of improving their performance. It is, however, difficult to separate the effects of 

work function and surface energy engineering because both are affected by monolayer 

deposition. In this section a small review of studies done by others is presented, where 

the effects from both work function and surface energy tuning are observed. 

One of the earliest reports was that by Appleyard and coworkers for OLEDs,
66

 

where short-chain phosphonic acids with polar tail groups were used to modify ITO with 

the purpose of increasing the work function and, in this way, reduce the barrier for hole 

injection and increase built-in potential in a device consisting of N,Nô-bis(3-

methylphenyl)-N,Nô-diphenyl-1,1ô-biphenyl-4,4ô-diamine (TPD) as hole transport layer 

and tris(quinolin-8-olato)aluminum (Alq3) as electron transport layer. The phosphonic 
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acids were deposited from 0.1 mM methanol/chloroform solvent mixtures, and no 

characterization of the resulting film was provided other than work functions, which were 

measured via Kelvin probe, and were compared against that of solvent-cleaned ITO 

(Table 1.1).  For a given voltage, the luminance and the external quantum efficiency is 

higher for the high work function anodes, and the turn on voltage lower than bare ITO.  

 

 
 

Figure 1.33 Structures and abbreviations of phosphonic acids used by Appleyard, et al. 

 

 

Table 1.1 Calculated and measured work functions. The dipole moments were calculated 

using a semi-empirical Hartree-Fock geometry optimization and single point calculation 

at the PM3 level of approximation. From Appleyard, et al. 
66

 

Modifier Work function 

change, ȹҿ /eV 

Calculated dipole, 

ɛmolƍ /D 

Calculated work function 

change, ȹҿ /eV 

4-NPPA 0.303 5.73 0.720 

TCPA 0.185 1.76 0.221 

2-CEPA 0.179 1.69 0.212 

AMPA ï0.140 ï1.43 ï0.179 

 

 

 

Table 1.2 Characteristic device performance info using derivatized ITO-electrodes. 

Device structure: ITO|SAM|TPD|Alq3|Al. From Appleyard, et al. 
66

 

Device Threshold 

voltage/V 

Max. luminance 

/cd m
ï2

/V 

Device voltage @ 

300 cd m
ï2

/V 

Q.E. @ 300 

cd m
ï2

 (%) 

L.E. @ 300 cd 

m
ï2

/lm W
ï1 

4-NPPA 2.0 13120@14 V 7.88 0.91 1.28 

TCPA 2.0 9037@15.6 V 8.82 0.69 0.81 

2-CEPA 4.0 7120@15.7 V 9.51 0.63 0.92 

Bare 6.0 3640@20.5 V 13.60 0.61 0.56 

AMPA 9.5 3010@20 V 15.50 0.46 0.30 

 

 

Besbes and coworkers focused on the wettability of ITO after treatment with 2-

chloroethylphosphonic acid (2-CEPA).
67

 They characterized the resulting surface via 

contact angle using three probe liquids to break down contributions into dispersive, and 
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the acidic and basic subcomponents of the polar interaction. Treatment with 2-CEPA 

decreased the basic component relative to RCA-cleaned ITO. Solvent-cleaned ITO 

treated with 2-CEPA afforded the smallest threshold voltages in polymer light emitting 

diodes (PLEDs) using a PPV-derivative as emissive polymer, and displayed a space-

charge limited behavior rather than injection-limited behavior without the modification. 

 
 

Figure 1.34 J/V characteristics of a one-layer PLED made with differently treated ITO: 

cleaned with acetone and RCA or modified with CEPA (labeled here as SAM). 

Reproduced from Besbes, et al.
67

 

 

 

Schwartz and coworkers showed enhanced hole injection in OLEDs applying Ŭ-

quarterthiophene-2-phosphonate (4TP) film on ITO via the T-BAG method mentioned 

above, and p-doped it with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-

TCNQ). In a first publication, they applied this to N,Nô-bis-(1-naphtyl)-N,Nô-diphenyl-

1,1-biphenyl-4,4ô-diamine (Ŭ-NPD)/Alq3 OLED.
31

 

 



 

35 

 
 

Figure 1.35 Modification of ITO with 4-TPA and subsequent doping, and comparison of 

the J/V characteristics of OLEDs made with the differently treated ITOs. Reproduced 

from Hanson, et al.
31

 

  

 

A good comparison of the 4-TP-modified ITO used in a polymer light emitting 

dioded against ITO coated with the usual poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) planarizing hole-transporting polymer, would be 

reported later.
68

 They measured work functions and noticed that while the work function 

is higher for the PEDOT:PSS treated ITO, the current and luminance behavior were 

similar to that of the p-doped monolayer-treated ITO.  
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Figure 1.36 Relationship between currents for a given bias and anode used (bare ITO, 

phosphonic acid-coated ITO, p-doped phosphonic acid coated ITO and PEDOT:PSS 

coated ITO). Reproduced from Guo, et al.
68

 

 

 

The Marder and Kippelen groups have also explored making devices using 

phosponic acid-modified ITO. In one study, the effect of applying a dipolar, 

semifluorinated phosphonic acid to increase the work function of ITO was examined.
51

 

While the work function was similar to that of air plasma treated ITO, it was much more 

stable over time in ambient conditions; this motivated lifetime studies which showed 

improved device stability in luminance and voltage needed to drive the device.  

 

Table 1.3 Surface treatment on ITO and resulting work functions and contact angles with 

water. From Sharma, et al.
51

 

 

 Surface modifier Work function (eV) Contact angle 

 Untreated 4.6±0.02 4.6±3° 

 Air plasma 5.4±0.06 <10° 

OPA 

 

4.6±0.03 104±2° 

FOPA 

 

5.3±0.04 108±2° 

 

 



 

37 

 
 

Figure 1.37 Using a semifluorinated alkyl phosphonic acid (FOPA), the work function 

and luminance in an OLED device are more stable than using an untreated ITO. 

Reproduced from Sharma, et al.
51

 

 

 

1.7 Surface-initiated polymerization 

Phosphonic acids can be used to incorporate reactive groups on a surface to serve 

as rectants in subsequent chemical reactions, including grafting of polymers.
69,70

 In the 

following subsections, the general motivation for such an approach is presented, and a 

brief overview of the polymerization types is given, before moving in the next section to 

envisioned applications in organic electronics. 

 

1.7.1 Coating substrates with polymers for organic electronics 

Polymers have played a central role in the development of organic electronics. 

The 2000 Nobel Prize in Chemistry was awarded to Alan Heeger, Alan MacDiarmid and 

Hideki Shirakawa for the discovery and development of conductive polymers; their 

seminal work in the late 1970ôs has led to solution processable conductors and 

semiconductors,
71-73

 used as electrodes and active materials in organic light emitting 

diodes (OLEDs), organic photovoltaics (OPVs) and organic field effect transistors 

(OFETs), to name a few technologies that make use of the properties of these remarkable 

materials. Besides processability, the ability to make ultra-thin, flexible devices with less 
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stringent purity requirements than traditional semiconductor technology is appealing. 

Non-conjugated polymers have also been of importance when insulating materials are 

needed, such as the case of capacitors, the dielectric in field effect transistors, 

encapsulants, matrices, diluents, and substrates. 

With the traditional solution-processing techniques, the polymers are adsorbed 

only by physical interactions, with the limitations that the films can be destroyed by 

delamination, desorption by solvent or displacement by other molecules. In recent years, 

the use of grafting to and grafting from approaches has extended due to potential benefits 

of having a covalent attachment: it can alleviate the problems associated with having only 

physical interactions with the substrate, and allows for polymer deposition on non-flat 

surfaces and particles (Figure 1.38).
74

  

 

 
 

Figure 1.38 Approaches for modifying inorganic substrates with organic polymers. 

Reproduced from Dyer.
74

 

 

1.7.2 Grafting polymers to the surface 

Grafting of polymers to substrates involves having a functionality on the surface 

of the substrate that will react with a functionality on the polymer to which it will be 

exposed. Under appropriate conditions, the polymer will covalently attach to the surface 

through that moiety. While the grafting to approach offers the possibility of pre-building 

the polymer with good control of the process (in a typical homogeneous polymerization), 
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the steric hindrance due to the random coil conformation limits accessibility to reach the 

surface and react. Hence, the grafting density is low.
75

 At low surface concentrations, the 

chains lie on the surface and form a ñpancakeò structure, where thicknesses will rarely be 

above a couple of nm. If increased graft density could be achieved so that the mean 

distance ñdò between attachment sites was smaller than the average random coil diameter 

Dm, the conformation would assimilate a mushroom structure. Unfortunately, this is very 

unlikely to happen in the ñgrafting toò methodology.  

 

 
 

Figure 1.39 Models comparing conformation of random coil (top left) and grafted chains 

as a function of grafting density (d) on a surface. Conformation changes from pancake to 

mushroom to brush. Reproduced from LeMieux, et al.
76

 

 

1.7.3 Grafting polymers from the surface (surface initiated polymerization) 

To discuss the grafting from strategy, it is necessary to first examine how 

polymers are made:  methods can be divided into two different approaches. In step- 

growth polymerizations, there is formation of dimers, followed by trimers, then longer 

oligomers, and finally long chain polymers in a stepped way such that the degree of 

polymerization is low until the reaction is close to completion (~90%). Every molecular 

species can react with another one, so the monomer is quickly consumed. There is only 

one type of reaction throughout (excluding possible side reactions). While a reactive 

group could be placed on the surface, there would be no kinetic or thermodynamic 
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preference for the monomers to react with that surface functionality over other reacting 

groups in solution; in fact, it would be less likely to react with the surface-bound species 

given the reduced degrees of freedom. 

 

 
 

Figure 1.40 Schematic for step-growth polymerization and degree of polymerization with 

as a function of conversion % (P). Figure courtesy of Gäelle Deshayes. 

 

 
 

Figure 1.41 Synthesis of polyethylene terephthalate and a polyurethane through 

condensation and addition (step growth).  

  

 

In the chain-growth mechanism, initiation of polymerization occurs through 

external activation of the monomers; the monomer concentration will decrease 
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progressively as the chains grow, and high molecular weights can be obtained even at 

low conversion. A general representation is: 

 

 

 

Each polymer molecule increases in size at a rapid rate once its growth has started, and 

the mechanisms and rates of reactions that initiate, propagate and terminate polymer 

growth are different.  

 

 
 

Figure 1.42 Schematic for chain growth polymerization and degree of polymerization as 

a function of conversion % (P). Figure courtesy of Gäelle Deshayes. 

 

 

In this case, if the initiating species is only present on the surface and side 

reactions are eliminated through proper conditions, long chains of polymers could be 

grown from the surface, being able to afford high grafting densities since there would be 

no significant hindrance for monomers to reach the propagating site if growth occurs 



 

42 

simultaneously from all initiating species.
77

 This could place the polymer in the 

mushroom conformation, or even form a polymer brush, with the chains mostly aligned 

perpendicular to the surface (Figure 1.43).  

 

 
 

Figure 1.43 Scheme for surface initiated polymerization from a surface to produce 

polymer brushes. 

 

1.8 Applications of polymer grafts to organic electronic devices  

1.8.1 Surface-initiated polymerization from BaTiO 3 nanoparticles for composite 

dielectrics  

 

In its simplest form, a capacitor is a device that stores energy in the form of 

separated charges across a dielectric medium that is placed between two electrodes. The 

dielectric is an insulator that polarizes in the presence of an electric field, and in the 

process it stores energy electrostatically that can be released upon connection to a load. In 

contrast to batteries, no chemical reaction is involved in the storage/release of energy.  

In the case of linear dielectrics, the maximum energy density Umax that can be 

stored in a capacitor depends on the relative permittivity of the dielectric, ‐, and the 

breakdown field, Ὁȟ which is the electric field (voltage over thickness) that the device 

can support for charging, above which the dielectric becomes conductive. 

 

Equation 1.4 ╤□╪● ⱠⱠ►╔║  
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For most applications, a compromise between weight, size and energy density has 

to be achieved, so research is being done to miniaturize capacitors, reduce their 

weight/volume and process them in new ways. Metal oxides are one commonly used 

class of dielectrics, often utilized for transistors and capacitors. Among these, barium 

titanate (BTO) thin films with dielectric constants (Ůr) of ~2500 can be obtained through a 

somewhat complex process involving chemical solution deposition followed by high 

temperature sintering (900 °C) and reoxidation.
78

 Nonetheless, the breakdown field is 

very low, and the processing conditions are not compatible with flexible substrates. On 

the other hand, polymer-based dielectrics typically have good processability and high 

dielectric strengths, but suffer from low permittivity which limits their storage capacity.
79

 

For dielectrics in high capacitance OFETs and flexible capacitors, a hybrid approach  

combining inorganic oxides and organic materials is suitable, as it can potentially take 

advantage of the high permittivity of the inorganic inclusions as well as the high 

breakdown strength, mechanical flexibility, and solution processability of the organic 

polymers.
79,80

   

Within the Center for Organic Photonics and Electronics (COPE) at Georgia 

Tech, the approach in this line of research has been to use BTO nanoparticles (which 

possess dielectric constants of up to ~150 when bare) that have been surface modified 

with phosphonic acids that show affinity for dielectric polymers, ball mill (mix via 

grinding) the polymer and nanoparticles for 12 days to make a dispersion, and spin coat a 

composite of materials on the substrate affording films with homogeneous nanoparticle 

dispersions.
79,81,82

 Good devices have been obtained with this approach, as for instance an 

Ůr of 37±2 (@1 kHz) has been obtained with a perfluorinated phosphonic acid modified 

BTO (50%) + p(VDF-HFP) (aka Viton)  (50%) mixture, with high energy density 

storage.
79

  Nonetheless, there is still room for improvement in breakdown field and 

energy storage, which can be achieved by preventing particle-particle contact and 

reducing voids.  
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Figure 1.44 Hybrid dielectric composed of phosphonic acid modified BaTiO3 

nanoparticles mixed with viton polymer deposited on metallic substrate to use as a 

capacitor. Top view and cross section SEM images are shown for 60% v/v BaTiO3 in 

polymer. Scale bars are 1 ɛm.
82

  

 

 

If the polymeric component of the hybrid material were to be grown from the 

nanoparticles instead of mixed in, with homogeneous growth and sufficient thickness to 

prevent breakdown paths, it could lead to enhancements in breakdown field.
83

 It could 

also ease the processing since there would be no compatibilization required with the 

polymer matrix since this would be grown from the nanoparticles: a one component 

system, with two constituents (the nanoparticles covalently attached to the polymer). 

Surface-initiated polymerization can occur by several means, including free radical, 

cationic, anionic, and ring opening metathesis, among others.  Within this list, atom 

transfer radical polymerization (ATRP) is currently one of the most popular methods,
84

 

and there is a version of it in which the activators are regenerated by electron transfer 

(ARGET ATRP)
85

, which offers several advantages and interesting properties: 

 

Å Provides continuous controlled polymerization  

Å Constant regeneration of the Cu(I) activator by reducing agent 

Å Catalyst levels decreased to ppm from parts per thousands in regular ATRP 

Å Side reactions of monomer radical with Cu(II), which affect formation of high 

molecular weight polymers, are limited 
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Å Can be done in limited presence of air.  

 

 
 

Figure 1.45 Mechanism proposed by Matyjaszewski, et al. for ARGET ATRP. 

Reproduced from Jakuboswki, et al.
85

  

 

 

Chapter 3 of this thesis focuses on the synthesis of BTO-non conjugated polymers 

using ARGET ATRP in phosphonic acid monolayer initiated polymerization, as 

schematically summarized in Figure 1.46. 

 

 
Figure 1.46 Scheme for creation of a one component, three-constituent hybrid dielectric 

that can be used to build capacitors. 

 

1.8.2 Growing polythiophenes from the ITO surface 

Polythiophene films are used as active layers or hole-transport layers in organic 

solar cells, and as semiconductors in organic field-effect transistors.
86,87

 Covalent 

attachment of a polymer to its substrate may preclude delamination over time and provide 
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increased thermal stability.
88

 The polymer properties can be (beneficially) different from 

those obtained by solution processing: polythiophene brushes grown from ITO may 

possess desirable optical and electrical properties for OPV applications. It has been 

suggested that the performance of organic solar cells employing polythiophenes may be 

increased through better organization of the nanoscale morphology of the donor / 

acceptor heterojunction,
89

 and that having the molecular semiconductor covalently 

attached to the anode should be highly efficient at collecting charge.
90

 

The Luscombe group at the University of Washington has made progress toward 

external initiation of homogeneous polymerization of high regioregularity poly(3-

hexylthiophene), P3HT, by Kumada catalyst-transfer polymerization.
91

 They noticed that 

a ligand exchange can be used in order to initiate the polymerization from a catalyst 

complex that will give a controlled polymerization. For example, using bidentate ligands 

optimized the rates of oxidative addition, transmetallation, and reductive elimination.
92

  

Their best results have been with 2-chlorotoluene as initiator, with the ligand 1,3-

bis(diphenylphosphino)propane (dppp), which gave 100% initiation, 100% 

regioregularity, a PDI of 1.2 and an Mn (9.8 kDa, GPC) very close to the expected 10.5 

kDa.
91

  

 
 

Figure 1.47 Kumada Catalyst-Transfer Polymerization from halogenated initiator (In-

X).
93

 

 

Collaborative efforts with the Luscombe group to study if external initiation could 

be done with tailored-made phosphonates and ITO surfaces modified with phosphonic 
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acids are discussed in Chaper 4, including design and synthesis of initiators, monolayer 

depositions, polymerization attempts, and XPS analysis of intermediates involved. If the 

methodology were to be perfected, one could think of building excitonic solar cells where 

the donor would be grown from the TCO, the acceptor material added in, and the top 

electrode deposited to complete a device (Figure 1.48). This could have interesting 

properties, including a) higher stability and highly efficient charge collection due to the 

all covalent attachment of the first organic layer, b) having to not to worry about 

orthogonal solvents for deposition of subsequent layers to avoid dissolution, and c) the 

possibility of new morphologies. 

 

 
 

Figure 1.48. Scheme for surface initiated polymerization from a TCO, with potential 

applications to organic solar cells. 

 

1.9 Doping of graphene for electrode applications  

1.9.1 Background on graphene  

The most common form of carbon on earth is graphite, which consists of stacked 

sheets of carbon in a hexagonal structure. Graphene is the name given to a single sheet: a 

two-dimensional, one atom-thick layer of sp
2
-hybridized carbon. This recently isolated 

material has a number of unique properties, attracting interest of scientists and engineers, 

and even the general public, since the Nobel Prize in Physics 2010 was awarded to Geim 

and Novoselov, who succeeded in producing, isolating, identifying and characterizing the 

material in 2004 and 2005.
94,95

 The other stable allotropes of carbon can be thought of as 

Grafting from

e- donor polymer brush

Mix with e- acceptor

Deposit back contact

Organic solar cell
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derived from graphene, such as nanotubes (rolled into cylinders) and fullerenes (folded 

into ball-like structures). 

The in-plane conductivity of high quality graphene is comparable to that of 

copper (~10
7
 ɋ

-1
cm

-1
), while its thermal conductivity is more than 10 times higher than 

copper. Its tensile strength is approximately 100 times that of hypothetical monolayer 

steel. Since graphene is only a monolayer thick, it is almost transparent (97 % throughout 

the visible range),
96

 and is very light, with a density of only 0.77 mg/m
2
.
97

  The reason 

behind these striking properties can be traced back to its 2D conformation and its 

electronic structure. Given the periodicity, the band structure of graphene is usually 

discussed as an energy vs. momentum (reciprocal space) graph (Figure 1.49b). The Fermi 

surface consists of six double cones, with the Fermi level right at the intersection of the 

cones. A density of states can be calculated by summing over the upper and lower bands 

in a unit cell (Figure 1.49c).  Around the K points, the dispersion relation for electrons 

and holes is linear as shown in Equation 1.5, with a proportionality constant that includes 

the Fermi velocity ‡ ïthe speed of electrons in graphene, which is 1/300
th
 that of light.

95
 

Hence, it is common to represent the band structure of graphene close to the Dirac point 

as in Figure 1.50. 
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Figure 1.49 a) Schematic of a section of a graphene sheet. (b) ˊ/ ˊ* bands structure in 

graphene.
98

  (c) Calculated density of states for graphene. From Laughlin.
99

 

 

Equation 1.5                   Ὁ Ὧ ᴐ‡ȿὯ ὑȿ  

 

 
 

Figure 1.50 Cone representation of ˊ/ ˊ* bands centered at the K points (e.g. kx = 0, ky = 

2ˊ/a); work function ű is shown as the separation between Fermi level EF (at the same 

energy as the Dirac point ED for the undoped state) and the vacuum level VL. 

 

 

The first reports from Geim and Novoselov involved graphene exfoliated from 

graphite using sticky tape and deposited onto an atomically flat surface for 

measurements.
94

 Other methods for producing graphene have surfaced since, including 
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epitaxial growth from SiC,
100

 liquid phase exfoliation,
101

 reduction of graphene oxide,
102

 

molecular assembly from small molecules,
103

 and chemical vapor deposition (CVD).
104

  

1.9.2 Application as electrode 

Although ITO is the dominant material used in transparent conductive films, 

many companies are looking to replace it for several reasons: the supply of indium is 

unreliable, leading to large price surges;
105

 ITO is brittle, degrades over time (particularly 

in touchscreens), and is not as flexible as would be ideal for future applications. 

Graphene has recently emerged as a potential alternative to ITO, and its use as a 

conductive film is likely its first commercial application. Its remarkable conductivity 

originates in its band structure, which resembles that of a metal in that the ˊ valence band 

meets the ˊ* conduction band, with no band gap. Besides, the 97% percent transparency 

of a single sheet of graphene, its flexibility, low weight and cheap raw material makes it 

very appealing to use as a transparent electrode. 
106

 

 

Table 1.4 Comparison of emerging technologies to replace ITO. From Jo.
106

 

Material T(%) RS (ɋ /Ǐ) Status Issue 

ITO  >85 15ï30 Standard Cost, brittle, corrosion by salts or acids, 

slow vacuum process 

Ag nanowire  >80 0.4ï116  Commercialized, 

emerging 

Roughness, environmental stability, haze, 

light scattering 

CNT 90 50 Emerging High resistance, doping stability, 

roughness 

PEDOT:PSS  80 100 Limited use Electrical/environmental stability, color 

tinge 

Graphene  

(unoptimized)  

85 400 or more Emerging High resistance, doping stability  

Graphene  

(doped) 

85 Less than 100 Emerging More doping up to a few ɋ /Ǐ, doping 

stability 

 

 

As Table 1.4 points out, stable doping of graphene is needed to lower the sheet 

resistance to make it competitive with ITO and other emerging technologies. Table 1.5 

shows that multi-layer stacks of CVD graphene can give sheet resistances as low as 300 



 

51 

ɋ/Ǐ,
1
 but commercially available ITO typically has sheet resistances as as 10 ɋ/Ǐ. Just as 

for TCOs, the adjustment of work function for a particular device will be needed. In 

Chapter 5, doping of graphene using submonolayer adsorption of redox-active, solution-

processable metal-organics is shown to increase its conductivity and adjust its work 

function while maintaining single-layer transparency. Making use of data acquired from 

multiple techniques, a molecular picture can be drawn, such as that in Figure 1.51. 

 

Table 1.5 Comparison of key features for use as (transparent) electrode. Modified from 

Jo.
106

 

Comparison ITO Graphene 

Sheet resistance (ɋ /Ǐ)
a
 As low as 10  ~125 for best CVD  

Transmittance (%) 90 ~90 

Thickness (nm) 100ï200 1.3 (4 layers) 

Failure strain % 2ï3 >10 

Manufacturing process Sputtering Coating, transfer, roll to roll 
a
Note that sheet resistance is the resistivity normalized by the thickness; ITO films are much thicker than 

graphene films. 

 

 
Figure 1.51 n-doping of CVD graphene through redox chemistry using a rhodocene 

dimer. Changes in electronic structure in reciprocal and real space are shown.  

                                                 

 

 
1
 Theoretically, the sheet resistance of a single graphene sheet, Rs1, should be related to that of a multilayer 

film, Rsn, via Rsn = Rs1/n if all n layers are acting independently of each other; experimentally, while a 

decrease in resistance is observed when stacking layers, it is less than expected. Note that increasing the 

number of layers causes a concomitant decrease in transparency. 
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 1.10 Overview and organization of the thesis  

The introduction and background information put forward in this chapter served 

to introduce the studies presented in this thesis. While the systems probed vary through 

the thesis, all chapters share the multi-technique analytical characterization approach to 

gain a more comprehensive understanding of the interfaces involved. 

In Chapter 2, entitled ñPhosphonic acid adsorption on transparent conductive 

oxidesò, kinetic studies involving a prototypical phosphonic acid on ITO are presented, 

for which XPS, UPS and IRRAS are used to give a more complete picture of the results 

of different deposition protocols. Application of these protocols using the prototypical 

phosphonic acid as well as others to not only ITO but also solution processed NiOx are 

presented. The chapter concludes with the results obtained in collaboration with the 

Graham group (Mechanical Engineering, Georgia Institute of Technology) on spray 

coating phsophonic acids. 

Chapter 3 entitled ñGrafting non-conjugated polymers via controlled radical 

polymerization from BaTiO3 nanoparticlesò dwells on process development of activator-

regeneration by electron transfer (ARGET) atom transfer radical polymerization (ATRP) 

of styrene and methylmethacrylate for hybrid dielectric applications. 

Chapter 4, ñSurface-initiated Kumada Catalyst-Transfer Polymerization for 

growth of polythiophenes from ITOò incorporates the efforts towards surface initiated 

polymerization from ITO films, starting with the design and synthesis of initiators for 

growth of polythiophenes both in solution and from the surface, in conjunction with the 

efforts from the Luscombe group (Materials Science, University of Washington).   

Chapter 5, with the self-explanatory title ñProduction of heavily n- and p-doped 

CVD graphene with solution-processed redox-active metal-organic speciesò not only 

presents the results from such treatments but also proposes plausible explanations for 
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them based on the characterization results from electrical measurements, photoemission 

and UV-Visible/IR spectroscopies. 

Chapter 6, ñConclusions and outlookò summarizes the findings presented in this 

dissertation and brings forward some challenges for the deposition, characterization, and 

application of monolayers on nanoparticles, transparent conductive oxides and graphene 

for organic electronic applications. 

 

 

Figure 1.52 Organization of the thesis.  
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